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Abstract 
This paper presents the effects of a planned CO2 injection on fault stability at Tomakomai offshore, Hokkaido, Japan. 
Using slip tendency scheme, the artesian reservoir is estimated to be naturally at moderate slip level around 0.5 at 
assumed faults optimally oriented for slip. The analysis results indicate that the planned injection has limited effects 
-to-
required at the vicinity of the injection point as well as the far pre-existing fault where would be the slippiest due to 
the high background value. 
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1. Introduction 
Faults are one of the main potential leakage paths to be considered for geological CO2 sequestration. 
Candidate sites would be carefully surveyed to avoid a fault which may act as such a path. However, it 
has long been a problem that fluid production/injection causes changes in pore pressure and corresponding 
changes in the stress field. Pressure buildup by the CO2 injection may cause the hydrofracturing, shear 
failure of crack surfaces, or reactivation of pre-existing faults by reducing the effective confining stress. 
Such fracturing or crack surface/fault slip could open unexpected flow paths. They also may induce micro 
seismicity that is another concern for geological CO2 sequestration [1]. In injection operation, the 
injection pressure would be controlled not to exceed the fracturing pressure of the caprock. However, slip 
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failure tends to be caused by much smaller pressure change than the fracturing [2]. Thus, fault stability 
analysis in the field scale is an important factor of safety assessment of CCS. 
In this study, fluid flow simulation has been conducted to predict the change in pore pressure caused by 
the injection. According to the preliminarily surveyed initial stress state and physical properties of rocks, 
fault stability is evaluated with changing pore pressure. Using slip tendency [3] of faults favourably 
oriented for slip at the site, we obtain a barometer how large is the impact of the injection on fault stability 
and where is the point that becomes the slippiest. It will be a help of designing monitoring networks for 
the risk of an unexpected fault slip. Also conducted is sensitivity analysis to investigate the effects of key 
parameters on the behaviour of the CO2 plume, pressure change, and following fault stability. 
2. Geology of Tomakomai offshore site 
Tomakomai is located at the south-west part of Hokkaido. The offshore Tomakomai is one of the 
candidate sites for CCS demonstration project by Ministry of Economy, Trade, and Industry (METI). 
Japan CCS Co., Ltd (JCCS), which is commissioned by METI, has conducted site characterisation, and is 
planning a 3.5-year injection at the rate of 0.25 Mt/year [4]. 
The site is located at an uplift zone Tomakomai Ridge based on Mesozonic volcanic bedrock. Paleogene, 
Neogene, and Quaternary sediments are observed in overlying basin. Takinoue T1 Formation (Fm.), a 
potential CO2 reservoir, is located at the depth from about 2,400 m to 3,000 m, with the mudstone 
basement of lower part of Takinoue Fm. and the overlying thick silt formations named Fureoi Fm. and 
Biratori-Karumai Fms. The structure map at the top of the formation obtained by the 3D seismic data 
indicates an anticline with a north-northwest axis. The data also indicates a fault, which is interpreted as 
non-active, at the western edge (about 2 km away from the planned injection point) of the Takinoue T1 
Fm. extending to the bottom of the upper aquifer (Fig. 1). Takinoue T1 Fm. is heterogeneous volcanic 
formations consisting of Neogene lava and tuff. The estimated porosity and permeability are 3-19 % and 
0.001-7.0 mD, respectively. Permeability estimated from an injection test, in which the injection zone is 
limited to the depth from 2,907 m to 2,931 m, at the Tomakomai CCS-1 Well is in the range of 0.68-1.18 
mD. Fureoi and Biratori-Karumai silt formations are more homogeneous, and their estimated porosity and 
permeability are 12.4-18.0 % and 8.2 × 10-6-36.7 × 10-6 mD, respectively. Mud weight analysis and 
logging data revealed Takinoue T1 Fm. is artesian. The reservoir pressure and temperature are 34.37 MPa 
and 91.0 oC at the depth of 2,419.4 m [5]. 
 
(a)  (b)  
Fig. 1 (a) Location and (b) stratigraphy of Tomakomai offshore site.  The figures are modified from [5-7] 
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3. Geomechanical characterisation 
3.1. Determination of shear strength of reservoir rock 
Based on , the shear strength properties related to evaluate fault stability 
are friction coefficient and cohesion. In order to determine these parameters, we conducted a number of 
laboratory experiments. The rock samples were collected from cores drilled at Tomakomai site by JCCS. 
The rock sample for the tests is tuff from Takinoue T1 Fm. at 2,560 m in vertical depth. There are a 
number of test methods to evaluate the shear properties of rock. We adopted the multistage direct shear 
test among them. The applying normal stress is determined by considering the overburden stress, 
formation pressure and intact rock strength. Fig. 2 shows the specimen and indicated maximum shear 
stress under each normal stress condition. The linear approximation is applied to the relationship between 
essed by: 
 
 tanC n           (1) 
 
where  is shear stress, n is normal stress, C is cohesion, and  is friction angle. And tan  is 
corresponding to the friction coefficient . The results of the tests are tabulated in Table 1. 
 
(a)  (b)  
Fig. 2 (a) The specimen for the multistage direct shear test and (b) the shear stress and normal stress curve of Takinoue tuff 
 
3.2. Estimation of in-situ stress state in Tomakomai site 
For the estimation of in-situ stress state in Tomakomai site, the data of Extended Leak-off test (XLOT) 
were used. In the XLOT, the sequent procedure until the stable fracture propagation is ensured is repeated 
several times so that the effect of rock tensile strength can be ignored. The principal stresses in the plane 
and wellbore pressure can be expressed by following equations; 
 
3sP            (2) 
pr pP 133          (3) 
 
where Ps is shut-in pressure, 3 is the minimum principal stress in the plane, Pr is crack reopening 
pressure, 1 is the maximum principal stress in the plane and pp is pore pressure. 
The XLOT at Tomakomai site was conducted at 2,352 m deep. Pore pressure is estimated by field data 
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collected by JCCS. Using these data, it is estimated that the 3 is 43.79MPa and the 1 is 53.79 MPa. 
Since the regional stress is considered as to be compressive stress field, the directions of 1 and 3 are 
determined to be horizontal and vertical, respectively. The estimated stress ratio is added to Table 1, 
summarising the geomechanical parameters required for fault stability analysis at Tomakomai site. 
Table 1. Geomechanical parameters at Tomakomai site 
Parameter Cohesion C [MPa] Frictional coefficient  Ratio of principal stress 1/ 3 
 0.82 0.46 1.2 
4. Fault stability analysis 
4.1. Slip tendency 
The authors investigate fault stability based on slip tendency T of assumed faults. T is calculated from 
the ratio shear stress to shear strength on slip surface, as a modification of equation (1) [3]. 
 
pn pC
T                                                                                                      (4)  
 
The shear stress and normal stress across a fault plane can be calculated from in-situ stress. 
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where  is in-situ shear stress which is considered to be 0 at this stress field, and  is the angle of the 
fault with respect to the direction of the maximum principal stress. When pore pressure pp increases due 
to the CO2 injection, the slip strength weakens and slip tendency T becomes high. If T exceeds 1, shear 
slip occurs, or the fault is ready-to-slip , and may induce seismicity. Thus, T is treated as a safety index 
in fluid injection, a value over 0.6 is considered as  [8, 9]. In-situ stress and physical 
properties of rocks are determined from geomechanical characterisation, and simulated pore pressure is 
used to estimate the slip tendency distribution. The vertical stress 3 is calculated as overburden stress. In 
this study, we do not suppose a specific fault, but assume that a fault is omnipresent at the site with an 
arbitrary angle. Fault angle  is determined to be 39o, which is optimally oriented for slip at the initial 
state according to the other parameters, C, , and the principal stress ratio. Although the optimally 
oriented angle is a little different by depth, by about 1o, this effect is negligible. 
4.2. Fault stability analysis for the project 
Slip tendency is estimated based on the predicted pore pressure derived from 3D statistical 
heterogeneous reservoir model by JCCS [5]. JCCS model allocates the rock properties to Takinoue T1 
Fm. reservoir, overlying and underlying seal layers, respectively. To represent heterogeneity in the 
reservoir, stochastic structure models were built and ordered by bottom hole pressure at the end of three 
years of the CO2 injection. In this study, we adopt the simulated results using P50 model of the median 
pressure buildup. Fig. 3 shows the permeability distribution of the model. The pre-existing non-active 
fault is represented around X=550 km. Artesian pressure of about 10 MPa is given to the whole domain. 
Fig. 4 shows the initial slip tendency of the formations. It takes relatively high value ranging from 0.430 
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to 0.513 due to the artesian pressure. This overpressure from the hydrostatic balance also results in higher 
slip tendency at shallower depth, because its ratio to the pore pressure becomes higher as the water load 
becomes smaller. In actual fact, mud logging data indicates that the overpressure lessens gradually in 
caprock. Thus, it is unlikely that the initial slip tendency becomes higher at shallower depth in caprock 
(indicated as upper blue part in Fig. 3 (b)). Fig. 5 and Fig. 6 show the pressure buildup simulated by JCCS 
[5] and calculated slip tendency at t=3 years (the end of the injection at the rate of 0.25 Mt/year) and 
t=200 years. Specified a figure for space, the CO2 plume extends by about 450 m to the west along a high 
permeable and dipping zone. Pressure change is also propagated along this zone, although its extent is 
much larger as shown in Fig. 5 (a). The maximum pressure buildup at t=3 years is about 2.2 MPa at the 
bottom hole. However, the highest slip tendency of about 0.516 is observed at the top of the reservoir near 
the pre-existing non-active fault due to higher background value. Its variation width T of 0.036 is the 
highest at the point where the pressure buildup is the largest. The change ratio of T caused by the 
injection is below 10 %. In shut-in period, the point at the highest T moves slightly following the pressure 
propagation, however, the maximum value in the whole domain during the calculated period is T=0.516 
at t=3 years. At t=200 years, the change of the slip tendency is almost released as the pressure buildup by 
the injection is. 
 
(a)  (b)  
Fig. 3 Permeability distributions (a) at the top of Takinoue T1 Fm.  and (b) in ZX plane (Y = 4,717 m), reproduced from [5] 
 
Fig. 4 Initial slip tendency 
 (a)  (b)  
Fig. 5 (a) Pressure buildup (reproduced from [5]) and (b) slip tendency at t=3 years (at the end of the injection) 
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(a)  (b)  
Fig. 6 (a) Pressure buildup (reproduced from [5]) and (b) slip tendency at t=200 years 
4.3. Sensitivity analysis 
The authors conducted sensitivity analysis to investigate the effects of parameters such as permeability 
of the reservoir, relative permeability model of two-phase flow, sealing integrity, and lateral impermeable 
boundary on the fluid behaviour, pore pressure and resultant fault stability using simple axisymmetric 
model. Geological model shown in Fig. 7 is built by simplifying JCCS model (as shown in Fig. 3). The 
target reservoir is located at R=0 km to 2 km and Z=-3.0 km to -2.4 km, and divided into two parts. High 
permeable zone (Reservoir 1) is located at Z=-2.55 km to -2.45 km sandwiched by zone of moderate 
permeability (Reservoir 2). Reservoir is surrounded by a lava zone at the depth. The boundary between 
the reservoir and the lava zone represents the location of the pre-existing fault. Over/underlying low 
permeable mudstone layers represent seal layers. Permeability for every zone, summarised in Table 2, is 
homogeneous. Initial pressure and temperature profile is shown in Fig. 8 (a). Artesian pressure at 
reservoir depth is maintained by the lateral boundary condition of the constant pressure. Top of the upper 
mudstone layer is bounded by constant hydrostatic pressure. CO2 is injected for three years at the R=0 km 
with the feed point from Z=-3.0 km to -2.4 km, at the rate of 0.25 Mt/year.  
The absences of the dipping structure and heterogeneity in formations will affect the plume behaviour 
and pressure distribution in some measure; however, such analyses are useful to investigate the effects of 
key parameters. In this paper, we present the results about the most influential parameter at the site, which 
is the permeability of the reservoir. 
 
Table 2.  Rock permeabilities (horizontal; vertical) in each case 
 Mudstone [mD] Reservoir 1 [mD] Reservoir 2 [mD] Lava [mD] 
Base case 3.5 × 10-5; 3.5 × 10-5 10; 1 0.1; 0.01 1 × 10-3; 1 × 10-4 
Low k case 3.5 × 10-5; 3.5 × 10-5 2; 0.2 0.1; 0.01 1 × 10-3; 1 × 10-4 
High k case 3.5 × 10-5; 3.5 × 10-5 50; 5 0.1; 0.01 1 × 10-3; 1 × 10-4 
 
Fig. 8 (b) shows the initial slip tendency of the model. It ranges from 0.430 to 0.467, which is in good 
agreement with the initial state of the 3D model except for the shallower part of the caprock. The 
differences in the shallower part of the caprock are due to the different condition of the artesian pressure. 
Fig. 9 shows the pressure buildup and the slip tendency at t=3 years in the base case. The pressure 
buildup becomes the maximum at the top and the bottom of Reservoir 1 at the injection point. Maximum 
pressure buildup of 2.7 MPa is a little larger than the results of the 3D model, and the propagation area 
seems smaller due to the absences of the dipping structure and heterogeneously high permeable path. In 
this model, the point of the highest T of 0.526 ( T=0.061) is located at the same point in lateral direction 
with the maximum pressure buildup due to the flat structure. The point is located at the top of the 
Reservoir 1 where the background value of T is higher than the bottom of the layer. 
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Fig. 10 shows the slip tendency at t=3 years in the low k case and high k case where the permeability of 
Reservoir 1 is modified as one-fifth of the base case and five times higher than the base case, respectively. 
Note that the contour legend in Fig.10 (a) is larger than the base case (Fig. 9). In low k case, lateral plume 
extension is significantly constrained and the maximum pressure buildup and slip tendency becomes as 
high as 6.5 MPa and 0.632. On the other hand, the extent of the impact becomes smaller. In high k case 
by contrast, lateral spreads of CO2 becomes larger. In addition, CO2 is more quickly accumulated at the 
top of Reservoir 1 due to high vertical permeability that the pressure buildup there becomes a little larger 
than the base case. The maximum pressure buildup and slip tendency is 2.9 MPa and 0.532, respectively.  
Other parameter such as the permeability of lava zone, seal integrity of caprock (modified permeability 
as 1 × 10-3 mD and capillary pressure as one-tenth as the base case), and lateral impermeable boundary 
have little impact at this site. Residual gas saturation does affect the plume behaviour, however, the effect 
on pressure and slip tendency is limited during imbibition (shut-in period) because the pressure buildup 
mainly depends on the mobility during the injection period. When residual gas saturation during drainage 
(injection period) becomes larger, plume extension is more constrained in the injection period that 
pressure buildup and following slip tendency becomes slightly higher. 
 
 
Fig. 7 Concept diagram of geological model for sensitivity analysis. 
 (a) (b)  
Fig. 8 Initial state of (a) pressure and temperature; (b) slip tendency of sensitivity analysis. 
(a)  (b)  
Fig. 9 (a) Pressure buildup and (b) slip tendency at t=3 years (at the end of the injection) in the base case 
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 (a)  (b)  
Fig. 10 Slip tendency at t=3 years (at the end of the injection) in (a) the low k case and (b) the high k case. 
 
5. Conclusions 
In this study, we presents the effects of a planned CO2 injection on fault stability at Tomakomai offshore, 
Hokkaido, Japan, as a part of safety assessment of the CCS demonstration project. The authors investigate 
fault stability and effects of the predicted pore pressure buildup caused by the injection, using slip 
tendency of artificially assumed faults favourably oriented for slip. The results indicate that the estimated 
effect of the planned injection on the fault stability is relatively limited. In all of the simulated cases 
except for low k case, the maximum T is below the so called 
cases. However, it should be noted that the point of the maximum calculated slip tendency does not 
necessarily correspond with the point of the maximum pressure buildup (i.e., a narrow region surrounding 
the injection well). Preliminary survey of the background stress field is important for fault stability 
assessment and carefully-constructed monitoring network will be necessary to reduce the risk of fault slip. 
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